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Abstract
In the context of plasma wakefield acceleration beam driven, we exploit a high density charge trailing bunch whose self-
fields act by mitigating the energy spread increase via beam loading compensation, together with bunch self-contain
operated by the self-consistent transverse field. The work, that will be experimentally tested in the SPARC LAB test
facility, consists of a parametric scan that allows to find optimized parameters in order to preserve the high quality of
the trailing bunch over the entire centimeters acceleration length, with a final energy spread increase of 0.1% and an
emittance increase of 5 nm. The stability of trailing bunch parameters after acceleration is tested employing a systematic
scan of the parameters of the bunches at the injection. The results show that the energy spread increase keeps lower
than 1% and the emittance increase is lower than 0.02 mm mrad in all the simulations performed. The energy jitter is
of the order of 5%.
Keywords: plasma wakefield acceleration, particle-in-cell, numerical simulation
1. Introduction
In this work we propose an ideal numerical study for
a scheme of high quality plasma wakefield acceleration
beam driven [1, 2, 3, 4, 5, 6] in the range of interest of the
SPARC LAB test facility [7]. The study is ideal because
the used bunches are generated in code and bi-Gaussian.
The plasma is assumed uniform flat top, since we did not
consider at this stage the effects of longitudinal ramps
and it has been evaluated that the radial dependency of
plasma density is negligible for the SPARC LAB experi-
mental configuration [8]. This working point exploits a
high density charge trailing bunch whose self-fields act
by mitigating the energy spread increase via beam load-
ing compensation, together with bunch self-contain op-
erated by the self-consistent transverse field. The energy
spread is preserved exploiting the flattening of the field
generated by longitudinal beam loading [9, 10]. The idea
of accelerating a high density trailing bunch on the wake
of a low density bunch has been originally presented by
the same authors in a PhD thesis work [11] and the ex-
ploitation of the beam loading effect to preserve bunch
quality has also been considered in the context of the
AWAKE experiment at CERN [12]. This work starts from
the design of a working point involving a low bright-
ness [13, 14] driving bunch that generates an accelerating
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wake in linear regime and a very high brightness trail-
ing bunch with parameters that are compatible with the
bunches produced at the SPARC LAB photo-injector us-
ing the hollow beam velocity bunching scheme [15]. The
scheme robustness is tested using parameter jitters that
were measured in preparation of the plasma acceleration
experiment. In our simulations, we also exploit the ro-
bustness of the proposed working point. We define as ‘ro-
bustness’ the ability of a given scenario to tolerate small
perturbations without producing a significant variation
in the phase space dilution, i.e. for the trailing bunch. Ro-
bustness is exploited verifying that any small variations
do not lead to any instability growth that might signifi-
cantly affect or the energy spread nor the emittance. In-
stead of linearly varying each parameter that can lead us
to a large number of simulations, we prefer to leverage
on the Latin Hypercube Sampling generally used in this
scenarios but in the field of RF accelerator. The LHS ran-
domly selects each parameter in a given range of toler-
ance by generating a number of virtual machines with si-
multaneous parameter variation. The choice of LHS is
also dictated by the necessity to consider correlated ef-
fects and to demonstrate the stability where no parameter
dominates the seeding of instability.
The SPARC LAB photo-injector is composed of a 1.6
cell BNL/UCLA/SLAC type gun, operating at S-band
(2.856 GHz) with a peak field of 120 MV/m on the copper
metallic photocathode that generates a 5.6 MeV electron
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Figure 1: Accelerating scheme structure. As we can see the driver has a low density (purple scale, range [0.2 1.6]) and the witness has a very high
density (orange scale, range [0 50]). The field is reported in red. We can notice the flattening in correspondence of the trailing bunch position.
beam. The gun is then followed by two S-band and one
C-band travelling wave (TW) sections whose accelerating
gradient can boost the beam energy up to 160 MeV, al-
though in this work we will consider a scheme designed
for bunches with 100 MeV. The first S-band cavity is also
used as RF compressor in velocity bunching regime [16],
setting the beam injection phase near to zero crossing.
The first two S-band sections are surrounded by solenoid
coils that can provide a magnetic focusing to better con-
trol the beam envelope and the emittance oscillations un-
der RF compression.
2. Simulation setup
In order to achieve an accelerating gradient > 1 GV/m
with an energy increase of ≈ 50%, we considered a plasma
structure with a length of 5cm with a background plasma
density 2 × 1016 [cm]−3. The bunches are assumed bi-
Gaussian and with cylindrical symmetry, with rms lon-
gitudinal and transverse dimension σz D and σx,y D for
driving bunch and σz w and σx,y w for trailing bunch. We
perform the parameters choice in the range of interest of
the SPARC LAB photoinjector. The energy at the entrance
was assumed E=102.2 MeV both for driving and trailing
bunch. In order to maximize the accelerating gradient,
the bunch length was chosen such that kpσz D = 1 with
kp plasma wave number kp =
√
e2n0/(0mec2) and n0 back-
ground plasma density, that leads to σz D = 37.2 µm. The
transverse emittance of the driver is n D = 17 mm mrad.
The corresponding transverse matched spot size at the in-
jection [11] is
σx,y D =
√
4
γΛZ n; (1)
where we used the longitudinal normalized plasma re-
sponse function
Z = √pi/2 kpσz D ek2pσ2z D erfi(kpσz D/√2); (2)
the normalized bunch length Λ = αDk2pσ2x,y D and the
normalized driving bunch density αD = nD/n0 with nD
driving bunch density. Therefore, the injection spot size
is σx,y D = 10.3 µm with a corresponding normalized driv-
ing bunch density αD = 1. In order to preserve the energy
spread during the acceleration, the trailing bunch length
is chosen very short σz w = 3 µm. The transverse emit-
tance of trailing bunch is set to n w = 0.3 mm mrad. This
corresponds to a matched spot size [11]
σx,y w =
4
√
1
γ
√
2n w
kp
; (3)
that is σx,y w = 1.26 µm. Initial energy spread of
bunches are set to σE = 0.1%. For clarity, the driver and
witness parameters are also listed in table 1, while in Fig.1
is shown the accelerating scheme.
Table 1: Beam parameters at the injection
Driver Witness
Q [pC] 200 10
γ 200
n [mm mrad] 17 0.3
σr [µm] 10.3 1.26
σz [µm] 37.2 3
σE [%] 0.1 0.1
2
Simulations have been performed with the time ex-
plicit hybrid kinetic-fluid code Architect [17, 18] Beams are
treated kinetically in a 6D space with conventional parti-
cle in cell schemes, while the background plasma elec-
trons are modeled as a cold relativistic fluid.
The electromagnetic fields that cause the motion are gen-
erated by the sum of the currents of the beams and the
background plasma. Electromagnetic fields and fluid
equations are solved in cylindrical symmetry with a mov-
ing window technique. The advantage of the hybrid na-
ture is the capability to run a simulation in a few hours
on a single core, this also allows for some systematic scan.
The drawback is that the code, due to the fluid description
of fields, poorely capture plasma wave-breaking at bub-
ble closure. The code begins to lose accuracy for highly
nonlinear regimes that can be mathematically identified
for drivers whose parameters are α  1 and Q˜  1
(Q˜ = Nbk3p/n0 with Nb the number bunch particles). In
these case, the region of particle crossing is not well rep-
resented, despite the code keeps a good reliability on
the description of the blow-out region where the trailing
bunch is injected. A 2D description for the background
and fields limit the possibility to run highly asymmet-
ric effects, or to take into account for phenomenon such
as the Hose instability. These effects are not relevant
for our regimes and distances. The integration time step
∆t = 0.44 fs. The mesh is squared with a dimension 0.75
µm×0.75 µm. The box is composed by a 732uˆr×932uˆz grid
cells, with uˆz and uˆr versors in the z and r dimension re-
spectively, corresponding to a box dimension of 275 µm
uˆr ×700 µm uˆz. The driving bunch is located at z = 0 and it
is discretized with 4 × 105 particles. In the reference sim-
ulation the trailing bunch is located at 0.5λp (≈ 116.7 µm)
and discretized with 5 × 104 particles.
3. Bunch separation scan
The beam loading compensation of energy spread for a
wake excited by low density driving bunch depends on
the bunch separation [10]. Here we perform two scans
in order to minimize the witness energy spread growth.
In Fig.2 we report the outcoming energy spread versus
the bunch separation at the injection. The energy spread
is evaluated on the entire trailing bunch distribution and
performing two different cuts. The cuts are performed
on longitudinal phase spaces, neglecting the particles that
give higher contribution to longitudinal emittance, in or-
der to be consistent with the cuts that are performed ex-
perimentally [19]. The two cuts are performed on 5% (0.5
pC) and 10% (1 pC) of charge respectively. The first scan
is performed in the range 0.45λp ≤ ∆z ≤ 0.55λp with a
rough step of 0.05λp. The second scan is performed in the
range 0.5λp ≤ ∆z ≤ 0.525λp with a fine step of 0.005λp.
The minimum energy spread depends on the cut per-
formed. For the 10% cut, the minimum energy spread
is found for ∆ξ = 0.51λp. A direct comparison of the
cut longitudinal phase space for ∆ξ = 0.505λp (Fig.3) and
Figure 2: Final energy spread vs. bunch separation. The energy spread
is evaluated on the entire particle distribution and with cuts operated
on longitudinal phase space over 5% and 10% of charge.
∆ξ = 0.51λp (Fig.4) show that the beam loading compen-
sation of the core is more evident in the first case. The
energy spread in the two cases differ for less than 0.01%,
so we choose ∆ξ = 0.505λp as reference case. The trailing
bunch parameters at the extraction are listed in table 2.
Table 2: Witness parameters at injection and extraction
Injection Extraction
γ 200 305
n[mm mrad] 0.3 0.305
σr[µm] 1.26 1.1
σz[µm] 3 3
σE[%] 0.1 0.21
The average accelerating gradient is 1.07 GV/m and
the energy increase of the order of 50%. The energy
spread increase is of 0.11% and the emittance increase is
of few nanometers. We notice that the quality of the trail-
ing bunch is preserved despite a substantial energy in-
crease.
4. Tolerance analysis
In order to perform the tolerance analysis over the pro-
posed working point we used the results of the measure-
ments performed at the SPARC LAB photo-injector in or-
der to evaluate the jitters of the bunch parameters at the
plasma structure entrance. In the analysis we varied the
following parameters at the injection
- driver and witness transverse spot size ±15%;
3
Figure 3: Longitudinal phase space of trailing bunch with a bunch sep-
aration of ∆ξ = 0.505λp.
Figure 4: Longitudinal phase space of trailing bunch with a bunch sep-
aration of ∆ξ = 0.51λp.
- driver and witness length ±12%;
- driver and witness charge ±10%;
- bunch separation ±8%.
To further simplify the evaluations, we considered the
same fluctuations in percentage for both driving and
trailing bunch for any considered parameter. We ne-
glected the expected correlation between the length of the
bunches and bunch separation. Assuming these jitters we
performed a simulation scan of the real photo-injector us-
ing the sampling approach of the latin hypercube (LHS)
[20] with uniform jitter distribution.Each of the 30 sim-
ulations was designed combining a random variation of
all parameters. The random variation of the single pa-
rameter has an uniform distribution. This approach was
adopted since, respect to the variation of a single param-
eter, it considers also the correlated effects that can arise
from the simultaneous variation of multiple parameters.
The results are reported in Fig.5, Fig.6 and Fig.7. The
accelerated beams result very stable in term of quality.
The average energy spread on the sample is ≈ 0.4% with
a standard deviation ≈ 0.15%. The emittance growth is
< 7% in all the simulations considered. The most evident
effect of jitter is related to the outcoming witness energy.
The energy value is E = 156 ± 7.2 MeV corresponding to
a fluctuation of 4.6% on the average value.
5. Summary
We have designed and tested an ideal scheme for
plasma wakefield acceleration beam driven experiment
in the range of interest of the SPARC LAB facility.
Through numerical scan we have shown that it is pos-
sible to obtain a working point that is suitable for real ac-
celeration experiments. This working point was design
performing a numerical scan involving the variation of
a single parameter. The robustness of this scheme has
been tested with very promising results. An important
remark is that the ranges of the tolerance analysis were
intentionally assumed higher than the average machine
performance. Our analysis consider a wide enough num-
ber of parameters and scenarios that we expect a realis-
tic case to be contemplated in our simplified numerical
study. The analysis evidenced an high energy jitter of the
trailing bunch at the extraction, that could cause a very
difficult transport of the bunch downstream the plasma
structure with all the relative consequences. Further eval-
uations of this aspect are required. Nevertheless, our con-
clusion is that this beam driven configuration guarantees
an high range of parameters that allow an high quality
acceleration.
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